Introduction
Collaborative work can occur through face-to-face interactions between participants on a project, or collaboration can occur indirectly between geographically and temporally dispersed individuals or teams. In this second case, collaboration is facilitated by the reuse of previous knowledge ͑i.e., experiences, designs, processes, etc.͒. As of yet, the full potential of reusing manufacturing knowledge has not been realized. For instance, the Renault Company ͑with more than 100 years of experience to their credit͒ produces millions of vehicles every year in more than 25 assembly plants without a method to systematically reuse this experiential knowledge when a new model is designed. At the individual level, process designers try to reuse manufacturing information, but their efforts generally only address the latest models. Now that the Renault Company is part of the Renault-Nissan Group, which owns internationally recognized brands Renault, Nissan, Dacia, and Samsung, a method for reusing existing design knowledge ͑single products and families of products͒ would help retrieve the best experiences across all companies.
Reusing process information offers industry opportunities to improve manufacturing traceability, standardization, quality, and control while enabling decreases in cost. A knowledge reuse approach facilitates collaborative product development because it capitalizes on experiences of previous designs and manufacturing to design the current product. In terms of project development, knowledge reuse enables designers to consider modifications, increase convergence, and decrease lead time, all with greater ease than previously possible. Since product development involves almost all of the services in a company, reuse approaches can also include capturing, storing, and retrieving information for all of these services.
It is also important to consider platform-based products that are now widely available in the market. The platform-based approach specifies a family of products based on a compromise between common components ͑i.e., a common platform͒ and distinct/ unique components that differentiate each product. Thus, this technique adds variety, and it becomes more challenging to retrieve relevant design information without assistance. Consequently, there is an opportunity to increase collaboration by reusing knowledge across a family of products. The method described here is intended to facilitate collaboration among geographically and temporally dispersed teams by supporting knowledge reuse.
Section 2 provides the necessary background and information to understand the context of this study. The related literature in this research field is presented in Sec. 3. The Reuse Existing Unit for Shape and Efficiency ͑R.E.U.S.E.͒ method for the design approach is specified in Sec. 4, where its three stages are explained. An example based on an air conditioner module for the automotive industry is presented in Sec. 5. Finally, Sec. 6 provides closing remarks and future work.
Background Information to Understand the Context
The next two sections present a description of product platform design and how this approach adds variety to manufacturing process modeling. Also, the current approach to manufacturing process modeling is detailed. As a result, the aims and challenges of this study are then presented.
Product Platforms.
Product platforms use common components to reduce cost and production time yet maintain differentiation between products in response to the needs of customers ͓1,2͔. The result is a product family sharing a common product platform. This platform approach can allow several different products to use the same production line as well. During assembly, a product platform introduces additional constraints caused by the increasing variety of products sharing the same assembly line. For instance, a sedan and a sports car can share the same platform even though the final product appears completely different ͑e.g., models of Ford and Jaguar share the same platform͒. This variety constraint must be considered for two reasons:
͑1͒ Even though variety increases, the available surface area on the assembly line remains the same: process designers must correctly specify the line side with the best process design. ͑2͒ This variety can require different equipment: a single product requires one set of equipment, while a family of products can require multiple sets of different equipment.
The next section explains how designers traditionally design the manufacturing process and assembly line.
Current Approach.
Process designers in the automotive industry typically use a computer-aided design ͑CAD͒ environment to specify the equipment and layout of each workstation on the side of an assembly line ͑see Fig. 1͒ to minimize cost, maximize flexibility, and maximize quality. Thus, process designers have to find the best compromise between these three factors. They currently do not have a formal reuse approach to retrieve existing process designs. Figure 1 gives an overview of the different features and equipment on an assembly line. The amalgamation of modules forms workstations, which may include space for stored parts and operating space for individuals or robots. Most storage is constrained to the line side, whereas operators go from the car to the line side to pick up modules/components and go back to the line to assemble these modules/components on the vehicle. Sometimes operators are aided by assistive technologies ͑because of weight or high production rate͒. On such occasions, workstations can also have mobile storage ͑i.e., servants͒ to limit the movement of the operators and increase their efficiency ͑see Fig. 1͒ . A section of the line has a given number of modules to be assembled. The location of a module on the section of the line is specified by the assembly sequence ͑e.g., module 1 before module 2͒. Assuming that each component and its surface of storage are defined, the design-for-manufacturing information mainly includes:
• the volume of the stock on the line side for each module • the choice of the rack • the choice of handling tools ͑e.g., screwdriver, rivet handling tool͒ • the choice and the design of assistants • the choice and the design of "servants"
The volume of the stock depends on the variety, the volume of all components, the demand rate, the production rate, and the logistics typology. Handling tools depend on the fixture type, which are specified but often do not fit factory resources. Servants and assistants are specified by rules and experience. Thus, the design of the manufacturing facility is primarily based on rules ͑linked to the product and manufacturing͒ and experiences. During preliminary design, process designers do not consider all the modules; they take into account the main modules and the necessary equipment, which are roughly specified by macroscopic rules and experience. Finally, the manufacturing line is redesigned in detail after preliminary design is complete.
There are three main issues with the traditional approach. ͑1͒ Once the preliminary design is completed, process designers use little of their previous work and mostly refine the assembly section line in detail. This points to lack of collaboration between the two design teams during preliminary and detail design.
͑2͒ Factories can change the design of the assembly line section because operators propose suggestions to optimize their workstations, but such changes might be unknown by process designers at the time of the next project. This highlights missed opportunities for collaboration between factories and process designers.
͑3͒ There are significant differences between manufacturing facility designs for common functions for unknown reasons. For example, the assistant for installing the battery in the car is often different from one factory to another, even if the rate of production is the same. This indicates missed opportunities for collaboration between factories and process designers, as well as between the current and previous projects.
Any approach to improve this process must help designers ͑re͒configure the best existing process design͑s͒. Ultimately, such an approach should enable better collaboration between current and previous development projects. This approach can also improve the collaboration between factories and process designers, which are often not in the same location.
Related Literature
This research is based in three fields: knowledge reuse, product platforms, and manufacturing process modeling. As a consequence, this section details these three fields of research and finally identifies gaps in the current literature.
3.1 Knowledge Reuse. Polanyi ͓3͔ was one of the first to identify the importance of knowledge and illustrated this thought by saying: "We know more than we can tell." Recently, knowledge has been proclaimed a strategic tool ͓4,5͔. In fact, today management argues that resources that are valuable, scarce, inimitable ͑or imperfectly imitable͒, and difficult to substitute are a competitive advantage ͓6,7͔. Polanyi ͓3͔ identified two types of knowledge: explicit and tacit knowledge. Tacit knowledge is more sensitive to changes than explicit knowledge and can disappear, for instance, at the end of the project when the team splits up or when an engineer retires. This study focuses on how to reuse explicit knowledge, for example, that which is stored in existing information such as a web-based repository ͓8,9͔. Many studies have been conducted in this research field focusing on the necessity to create a manageable taxonomy, focusing especially on ontology, and manufacturing interface representation ͓10,11͔. To reuse designs, various approaches have been developed for reusing standard components ͓12͔.
Product
Platform. There are two basic approaches to platform-based product design ͓13͔. The first is a top-down approach wherein a company develops a family of products based on product platform ͓14,15͔. The second approach is a bottom-up approach where the product platform is specified using the existing family of products ͓16,17͔. The goal of both approaches is to specify the product platform around which the product family is derived product platform can be defined as "the collection of the common elements, especially the underlying core technology, implemented across a range of products" ͓18͔. Product platform designers mostly focus on the tradeoff between commonality and distinctiveness. The complexity of some products forces designers to take a module-based approach: product family members are instantiated by adding, substituting, and/or removing one or more modules from the platform. As an example, the rolling chassis module produced by Dana Corporation saved DaimlerChrysler nearly $700 million when developing their new Dodge Dakota facility ͓19͔. Only a few studies consider the manufacturing aspect of a product platform ͓20,21͔. A recent overview of the field can be found in Refs. ͓2,22͔.
Manufacturing Process Modeling.
Reusing existing solutions has been studied in process planning, fixture planning, and manufacturability evaluation. Regarding process planning, there are several studies based on similarity between two manufacturing processes to optimize the balance of the overall manufacturing processes ͓23,24͔. Computed-aided process planning software searches a set of existing designs and the new design, identifies the most similar existing design, and retrieves the corresponding process plan ͓25-28͔. Group technology was formally described by Mitrofanov ͓29͔ as a method that improves manufacturing efficiency by classifying components into parts families. This approach uses either routing or design information to form groups ͓30,31͔. Some studies have used case-based reasoning to reuse designs ͓32,33͔.
Few studies have been conducted for assembly plants. Some of them include similarity for optimal capacity exchange ͓24͔, while others specify workstations based on group technology ͓34͔. Alizon et al. ͓35͔ explored the reuse of manufacturing knowledge for a single product.
Opportunities to Search Process Design Information.
Based on a detailed literature review, four opportunities emerge that are addressed in this paper: ͑1͒ Take into account the variety of the product family during the reuse of existing process design information: This enables designers to identify the core of the family and to estimate how much variety they need to address. This aspect of product platform design has not yet appeared in the literature. ͑2͒ Integrate an efficiency assessment stage to retrieve similar designs: designers do not only need similar designs, they expect to find the most efficient existing design too. This aspect has not been developed much in previous studies where the final choice is mostly made based on cost; we integrate other criteria. ͑3͒ Address this problem with a multicriteria method to avoid the compensation phenomenon during the classic aggregation process: multiple criteria are individually considered. ͑4͒ Propose a complete process including similarity/efficiency through configuration with adapted levels of reuse: designers need to be integrated as active members in the selection process.
Method To Search and Reuse Existing Design Information
For the proposed method, two types of data are used: the desired product and manufacturing characteristics ͑PCd and MCd͒ and the existing product and manufacturing characteristics ͑PCe and MCe͒. Characteristics impacting the process design are identified and used to search for the most relevant design͑s͒. Based on these selected desired characteristics and corresponding existing product and process design information, the objective in the R.E.U.S.E. method is to obtain the best equipment and configuration for each module/component assembly, reusing as much of the existing product and process design information as appropriate ͑see Fig. 2͒ . Starting with the desired design, PCd and MCd are used as a request ͑grey arrow͒ to filter information in the repository and retrieve relevant designs to complete the information for the desired design. In other words, the goal is to match ͑PCd, MCd͒ with ͑PCe, MCe͒ as best as possible. To simplify the notation, a couple PCd-MCd is noted D ͑as desired͒ and a couple PCe-MCe is noted E ͑as existing͒.
This R.E.U.S.E. method is composed of three sequential stages:
͑1͒ Similarity Study: this first filter checks the similarity between the desired ͑D͒ module characteristics and the existing ͑E͒ modules in the repository. ͑2͒ Efficiency Assessment: this stage assesses the efficiency of the modules remaining after the first stage. At the end of this stage, the most similar and efficient designs are proposed to designers for them to choose the final best design͑s͒. ͑3͒ Configuration: this last stage assists designers in configuring the best existing design to satisfy the desired design.
Knowledge management in nonstandard process design is based on ͑1͒ similarity of existing manufacturing information to desired manufacturing characteristics, and ͑2͒ the efficiency of the remaining designs, which is why a similarity study is performed first. Similarity and efficiency are separate for two reasons. First, the similarity score is used in the efficiency stage as a criterion. Second, the results of the similarity study are then used for the configuration stage. The intent of the method is to assist the process designer͑s͒ with a new or improved process by facilitating the search through the repository. These stages not only form natural breaks in the grouping of recalled information, but also provide opportunities for the user to interact with the process.
Stage 1: Similarity Study.
The goal in this stage is to filter the information in the repository based on the desired product characteristics and manufacturing characteristics to identify the nearest existing designs. The study starts with a generic name, e.g., air conditioner, which has the same name from one vehicle to another. Nevertheless, each module has its own characteristics: number of components, volume, demand rate, weight, variety, etc. The R.E.U.S.E. method evaluates one module after another until all modules in the assembly line section are considered. According to their characteristics, each remaining design is then assessed and ranked to identify the best design. The next section defines the criteria to filter instances in the repository.
Criteria for the Similarity Study.
Regarding the parameters that contribute to assembly line side design, three criteria are selected:
͑1͒ Assembly time: this criterion represents the complexity of the product by integrating the number of components, the types of fixtures, etc. ͑2͒ Production rate: this criterion is considered due to the impact on the configuration and equipment used in the workstation. ͑3͒ Storage surface: all the criteria that contribute to the specification of the line side storage ͑e.g., number of components, variety, volume of components, module demand rate͒ are aggregated. This aggregation requires a preliminary computation to obtain the storage area for each module in the repository.
Process of the Similarity Study.
The following steps are used to complete the similarity study.
Find the core of the family.
The objective in this step is to identify the "closest" existing process designs and to filter out the "farther" ones. To accomplish this, we utilize fuzzy set theory as proposed by Zadeh ͓22͔ that admits the possibility of partial membership ͑similarity͒. For a common module ͑e.g., a battery͒, the goal is to specify common process equipment, even if the products into which they are assembled are not the same. Thus, this common equipment also has a common structure and specific element͑s͒ for each different product. However, if the difference between a product and the rest of the family is of substantial importance to the designers, they may prefer to specify a second piece of equipment in order to keep the performance of the primary piece of equipment.
For the similarity study, the idea is then to identify the core of the family and to treat products in this family as a single product with its own equipment. Thus, it is proposed that one specify desired product-manufacturing characteristics representative of the core of the family of products ͑noted D f ͒ and match these representative product-manufacturing characteristics with the existing products in the repository. D f is like a product itself and, of course, in the case of a single product process design, the core of the family is the product where D f = D. Also, as D f and all the characteristics of single products and product platforms are fairly new, designers can search in the repository for an existing single product-process design to find useful information. In fact, the representation of the family as a core product is the main difference between the R.E.U.S.E. method for a single product ͓35͔ and for a family of products. The criteria governing this method must then be described.
The production rate criterion is common to the entire product family. The assembly time criterion is indirectly linked to the complexity of assembly, and the type of connection can be very different from one product to another in the same family. This requires a particular aggregation for this criterion to represent the core of the family. Thus, a disjunctive aggregation is proposed based on a threshold and balanced by the demand rate ͑assembly timeϫ demand rate͒. This operation avoids having a basic average that could cause incorrect filtering of the information. Thus, PCd assembly time is aggregated except for products that are outside this core, modeled by the disjunctive aggregation given by Eq. ͑1͒, where A f takes the value 0 when the index a j takes the value 1 ͑see Fig. 3͒ .
In Eq. ͑1͒, A f is the disjunctive aggregation for the assembly time, and a j index models the consideration of the product j in the core of the family ͑with j ͕1, . . . ,n͖͒.
As shown in Fig. 3 , PCds with assembly times above the upper threshold or under the lower threshold are not considered in the similarity study. The result representing the family is noted as D f . However, the repository does not contain information about the product family, E f ͑representing the core of its family͒, only the individual products in the family. Therefore, E f must be computed in order to compare D f to an existing process design that shares a product platform.
Finally, the storage surface criterion is accumulated in order to consider all the products in terms of their overall storage needs.
Evaluate the similarity of each couple.
A normal ͑Gaussian͒ distribution is used for each criterion to assess the similarity of each couple E-D using Eq. ͑2͒. The middle point of the Gaussian is the desired manufacturing information. The shape of the Gaussian enables scoring in the same way of the existing process designs, which are below and above the midpoint. Based on this Gaussian, each of the existing process designs is scored against the desired process design. Thus, this score represents the distance between the desired and existing manufacturing information and also serves to specify the potential level of reuse. Figure  4 illustrates the scoring of existing process designs and also the level of reuse specified by process designers. Figure 4 represents the Gaussian for a given criterion. The abscise point D corresponds to the value of the desired process design for this criterion. Based on this, three existing process designs are studied: E1, E2, and E3. When all the criteria are gathered, there are four possible levels to reuse information ͓36͔: direct and complete when the overall similarity between the existing and desired is perfect ͑100%͒; quasi complete with adaptation when the similarity is between 100% and 90%; design with artifacts when the similarity is between 40% and 90%; finally, if the similarity is under 40%, then there is no reuse. As a result, in this example, E1 is filtered out because its similarity score is equal to 0.2 ͑20%͒; E2 and E3 are kept for the remainder of the study. E2 can be reused at the "direct and complete" level while E3 is at the "design with artifacts" level.
When the Gaussian score of each existing process designs is computed, the next step is to rank each existing process design using any of the following methods: K nearest neighbor ͓23͔, Bayesian analysis ͓24͔, discriminant analysis ͓25͔, artificial neural networks ͓26͔, and decision trees ͓27͔, all of which permit finding the nearest couples to the desired one. In the R.E.U.S.E. method, we use the Electre1s method ͓28,29͔, which is based on the multicriteria aided decision method that outranks couples to find the best solution by optimizing a corresponding graph. For this similarity study ͑see the Appendix͒, Electre1s is used because ͑1͒ a multicriteria method avoids the aggregation compensation between criteria, and ͑2͒ this particular method allows a better consideration of the preferences and indifferences of process designers. When the existing process design is identified, ranked at the first position, and removed from the existing process design list, the Electre1s method is performed again until there are no more existing process designs to study. Thus, at the end of this similarity study, all existing designs are scored and ranked from the nearest to the farthest. The different levels of reuse for the last stage ͑configuration͒ are assigned for each E based on their similarity score. The selection of remaining designs to be assessed for efficiency is managed by a threshold value ͑under a certain score, which is considered that the existing manufacturing information is too far from the desired information͒. This stage is discussed next.
Stage 2: Efficiency Assessment.
The efficiency assessment rates the similar existing process designs using appropriate criteria and finally ranks them to find the best one͑s͒. Process designers must be involved in this stage to choose the best design.
Criteria for the Efficiency Assessment.
In general for the efficiency assessment, six criteria are selected to help process designers determine the best manufacturing information:
͑1͒ Similarity study ͑%͒: The final decision tries to find similar existing product-process designs. The score of the previous similarity study is used.
͑2͒ Engagement ͑%͒: This criterion models the efficiency of the operators working at a workstation. Process designers seek to maximize engagement.
͑3͒ Reliability ͑%͒: This criterion models the reliability of the equipment in a workstation. Process designers desire maximum reliability.
͑4͒ Operating cost ͑$͒: It is important to know at what price the engagement and reliability are achieved. Process designers want to minimize operating cost.
͑5͒ Investment cost ͑$͒: Similar to operating costs, process designers want to minimize the investment cost in the assembly line.
͑6͒ Manufacturing flexibility ͑car/h͒: The ability to be flexible is desired. Process designers look for the maximum manufacturing flexibility.
Process of the Efficiency Assessment.
To select the best existing design͑s͒, process designers also consider detailed parameters ͑e.g., type of shelves, number of components by storage box, etc.͒ and a layout of the existing line. Efficiency scores allow process designers to choose the best existing manufacturing information according to the technical policies, the project's objectives, and their own expertise. The Electre1s method is again used to find the most efficient design among similar existing designs. Electre1s is effective for maintaining the heterogeneity of the criteria and is also useful because the compensation phenomena is unknown for this case ͑e.g., the values of criteria can compensate each other and result in the same efficiency score͒.
The value of each criterion is presented to the Electre1s method that uses the same process as detailed in the similarity study and identifies, by the final graph, the core of the similar best existing process design͑s͒. At the end of this stage, process designers choose the best process information of the studied module/ component based on this result. This final choice must consider the entire family. The method ensures that the core of the family is close to the desired assembled module; however, process designers must verify through their expertise that the specific products can be satisfied by the existing best design͑s͒ that were identified.
Stage 3: Configuration.
The last stage supports the configuration of the similar and efficient existing manufacturing information. There are several levels to reuse the information from the repository, depending on the similarity between the existing and desired manufacturing information. Reuse is complete if the similarity score is perfect, and reuse is less complete if the similarity score is low.
Trousse ͓36͔ introduced four levels of reuse, which are adapted for this study as illustrated in Fig. 5: ͑1͒ Direct and complete: the desired and existing process information are exactly the same in that process designers can directly copy the existing manufacturing information and paste it on his CAD/CAM environment. ͑2͒ Quasi-complete with adaptation: the similarity is good but not perfect; process designers have to make some adaptations taking into account of the differences. ͑3͒ Design with artifacts: desired and existing information do not fit exactly; process designers can use some good ideas from several existing process design to build their own solution. ͑4͒ No reuse (Nil): there is no existing manufacturing information to present to process designers, because E is too far from D or because this process design is a new D. These two cases will be already filtered out by the first stage.
The configuration stage uses the classic CAD/CAM functions: copy-paste, specify, setting, create, delete, etc.
Example Application
The following example is based on data from Renault that has been modified due to confidentiality issues. One module is studied, namely, the air conditioner, based on a product platform design that is shared by a family of vehicles that use the same assembly line. The aim is to implement the R.E.U.S.E. method for this module to demonstrate its application and usefulness.
Implementation

Stage 1: Similarity Study.
A Cϩϩ program was developed to automate the similarity study. The program builds the Gaussian distribution and gives the following score ͑for every criterion͒. The middle point is the value of D. For the production rate, the similarity is considered nonlinear ͑the shape of the Gaussian must differ͒. Thus, the automotive industry specifies three levels, which are adapted here: under 20 car/ h the distribution of the Gaussian is fixed to 10% of the value of the criterion; between 20 and 40 car/ h the distribution is 50%; above 40 car/ h the distribution is fixed to 20%.
A design is considered "too far away" when the score of a couple is less than 0.6 ͑expected for the storage surface͒. Arbitrarily, the weight of criterion "production rate" is 3; "assembly time" is 2 and "surface of storage" is 0.5; process designers can control this weight, which can vary from one product to another and from one module to another. For each criterion, the threshold of the preference is 0.1, and the indifference is 0. The level of concordance is 0.66. The similar existing process designs are ranked from the most similar in descending order.
Stage 2: Efficiency Assessment.
Two criteria, manufacturing flexibility and engagement reliability, have to be maximized and costs have to be minimized; therefore, a "radar" chart is used to present the criterion to the process designer ͑to be homogeneous, cost criteria are inverted͒. The value of each criterion is normalized to improve comprehension. For the Electre1s method, the weight of each criterion is set to 1. The preference threshold is 0.1 for every criterion, and the indifference is 0. There is no veto ͑i.e., no opposition to an overall outrank if a threshold value is reached for one criterion͒. The level of concordance is 0.66.
Stage 3:
Configuration. For this stage, bounds are specified to apply levels of reuse ͑i.e., complete, partial, design with artifacts, nil͒.
Data.
The air conditioner module noted AC is tested now as an example. A sample set of data is given in Table 1 that shows the desired characteristics D ac ͑crossed͒ and existing char- Table 1 Example of desired and existing information for air-conditioner module acteristics in the repository E ac . The desired family contains four vehicles for which product and manufacturing characteristics are listed. Three existing manufacturing configurations are considered: two are based on families of products ͑existing process designs 1 & 3͒, and one is a single product design ͑existing process design 2͒. Each existing design includes: the vehicle considered, the type of data ͑product characteristics or manufacturing characteristics͒, the characteristics, the workstation knowledge, and the 3D model ͑the legend of the 3D models is the same as Fig. 1͒ .
Air Conditioner Example
Stage 1: Similarity Study.
For this example, five AC designs constitute the family of modules using the same assembly line. For the assembly time, the disjunctive aggregation filters the desired AC4 D ac 4, which is considered "too far" from the core of the family, and it is not considered to represent the family. So, AC4 has to be considered separately as a single product and will have its own set of equipment. The core of the family is noted D acf and includes: the production rate= 60 car/ h, assembly time = 30.1 s ͑disjunctive aggregation, with AC4: ͑33 * 0.25+ 28 * 0.16 +33 * 0.42+ 27 * 0.13͒ / 0.96͒, and surface of storage= 9.8 m 2 ͑accu-mulate: 2.5+ 1.8+ 3.6+ 1.3͒. Thus, the result of the similarity study ͑see Table 2͒ filters out E ac 2 and E ac 3. The design E ac 4 is the most similar followed by E ac 5, E ac 1, and E ac 6.
Stage 2: Efficiency Assessment.
Data for the similar AC designs is given in the Table 3 . In this table, all information comes from the repository except the global similarity, which is averaged from the previous stage ͑see Fig. 6͒ .
The Electre1s method identifies the best existing manufacturing information as E ac 5 followed by E ac 4. Module E ac 5 has a similarity score of production rate= 0.61, assembly time= 1, and surface of storage= 0.84. The global score of similarity ͑0.77͒ puts this design within the design with artifacts level. Thus, process designers can use the existing information of E ac 5 and other similar designs to build the manufacturing facility. Furthermore, module E ac 4 has a better similarity score for the production rate ͑equal to 1͒ and is considered the second best design.
Stage 3:
Configuration. The process designer uses artifacts from different existing designs ͑E ac 4 and E ac 4͒ to add his/ her own design. The process designer decides what information of the existing artifacts he/she would like to reuse. As previously mentioned, the link between the desired and existing designs is preserved. The traceability is helpful to explain the design evolution and to take into account possible changes during the project. Figure 7 presents the final reuse level of the relevant designs for the AC module.
The existing process design E ac 4 belongs to the "direct and complete" reuse level, but it is preceded by E ac 5, which is the best existing solution, based on the other criteria used during efficiency assessment. This latter solution belongs to the level quasicomplete with adaptation. Thus, designers adapt and modify the process design E ac 5 to build the final desired solution. They also can be inspired by some interesting information coming from E ac 4 ͑see Table 4͒.
Discussion.
The results of this example showed the effectiveness of the R.E.U.S.E. method in identifying similar existing designs that can be reconfigured to satisfy a new desired design. The four main opportunities for research identified in Sec. 3.4 were achieved. First, the method integrates the variety of the platform-based product family and identifies needs in terms of equipment. The core of the family and the disparity of each product have been studied to identify if a set of common equipment that can be used to assemble the entire family or if designers need more than one equipment. Second, after the closest existing designs are selected and an appropriate level of reuse is specified, the method includes an efficiency assessment by adding not only cost ͑usually the case in the literature͒ but also engagement, reliability, investment, and manufacturing flexibility. That enables designers to find not only the most similar but also the "best" existing design. Third, a specific multicriteria method, Electre1s, was used to study similarity and efficiency. This technique is not usually used in the design field; however, it permits avoidance of the compensation issue ͑two criteria can compensate each other during aggregation ͓37͔͒ of a basic aggregation. This technique studies each criterion itself and then optimizes the search based on the graph theory. Finally, the power of the R.E.U.S.E. method is the fact that this is an overall process including the search ͑similarity and efficiency͒ and configuration of the selected existing designs. Another significant advantage of this method is the position of designers in this process: designers are in the middle of the process and manage everything. They always have the final decision to select existing designs and configure them.
There is one main limitation for the R.E.U.S.E. method. Because the search is based on the name of the function, the terminology may not be uniform for all designers. So as an extension, a better means would be an ontology-based search to support dif- Transactions of the ASME ferences in terminology. The R.E.U.S.E. method also assumes the existence of stored information in a repository, which may not always be the case.
Closing Remarks
The R.E.U.S.E. method for knowledge reuse of manufacturing information has been presented in this study with the three main stages presented and detailed. An example involving an air conditioner module a family of vehicles has been performed to demonstrate the usefulness of this method for process design development. An implementation in a real industrial environment can perfect the weights of all the criteria. For the similarity study the criteria are not very sensitive in the studied case: if the weights of production rate, assembly time, and surface of storage respectively pass from 3-2-0.5 to 1-1-1, then the existing filtered process designs remain the same, and there are very few changes in the ranking. For the efficiency assessment, however, changes are more significant. The type of industry ͑high or small rate of production͒ and the priority of the company ͑cost, quality, reliability, engagement͒ must be carefully considered when weighing criteria.
The R.E.U.S.E. method fosters collaborative design development where all services can be involved from manufacturing to sales. Every service given is thus fed back to improve future efforts. This method is sufficiently general for any industry that assembles components ͑e.g., automotive, aerospace, etc.͒. Finally, this approach allows one to "justify the design" by not only tracing the manufacturing but also tracing its origin through the process design. 
͑A2͒
where k j is the weight of criterion g j .
• Condition of nondiscordance: even if, considering the average of criteria computed by Eq. ͑A2͒, e outranks b ͑i.e., couple e is "preferred" to the couple b͒ it is possible that one of the criteria e does not over-rank b. If the gap between e and b for this criterion is important, it is critical to take it into account. Thus, this condition verifies the non- A robustness test generates a final graph and enables the identification of the "core of the graph" of the best couples ͑nearest existing couples͒, which yields the similar existing process designs.
